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I n t r o d u c t i o n  

L iquefact ion o f  N o r t h  Dakota Beulah seam l i g n i t e  (Tab le  1) was c a r r i e d  o u t  i n  
a 2.3 k g  coal /hr  con t inuous  p rocess ing  unit a t  t h e  G r a n d  F o r k s  E n e r g y  Technology 
Cen te r .  T h e  des ign  a n d  eng ineer ing  deta i ls  o f  t h i s  unit have  been descr ibed 
p rev ious l y  (1). L i g h t  o i l  (6P<30O0C @ 27.5 MPa) w h i c h  accounted f o r  abou t  19% of 
t h e  y ie ld  ca lcu lated on  a MAF coal bas is  was w i t h d r a w n  a t  t h e  e n d  o f  each pass and 
n o t  added back t o  t h e  recyc le  so l ven t .  S l u r r y  was p r e p a r e d  f o r  each recyc le  pass 
by add ing  30% by weight ,  p u l v e r i z e d  (100% minus 60 mesh) as received (%30% 
moisture)  l i gn i te  t o  t h e  h e a v y  p r o d u c t  (BP>300°C @ 27.5 MPa) con ta in ing  unreacted 
l i g n i t e  a n d  ash as well .  S l u r r y  feed  r a t e  t o  a 4.55 l i t e r  autoc lave ac t i ng  as a 
cont inuous s t i r r e d  t a n k  r a n k  reac to r  (CSTR) a t  2.3 kg/hr gave  a nominal residence 
t ime of one h o u r .  CO a n d  H gas ( 1 : l )  were added a t  14.2 I/min. T h e  pas t i ng  
so lvent  f o r  t h e  f i r s t  pass was &d is t i l l ed  an th racene  o i l  ( IBP  296'C @ 1 .3 Pa). T h e  
light oi l  sample s tud ied  was co l lected o n  t h e  24th recyc le  pass, and  rep resen ts  an  
essent ia l ly  l ined-out  s teady s tate p r o d u c t .  A desc r ip t i on  o f  t h e  deta i led reactor  
condi t ions and o f  t h e  composit ion o f  t h e  o t h e r  p r o d u c t s  was g i v e n  by Farnum, 
Knudson  and Koch (2) .  

Exper imenta l  

Separat ions 

T h e  light o i l  was condensed f r o m  t h e  gases a f t e r  dep ressu r i za t i on  v i a  two  
le t -down va lves i n t o  a wa te r  cooled p r o d u c t  receiver ,  separate f r o m  t h e  heavy  
p r o d u c t  le t -down.  T h e  wa te r  v a p o r  t h a t  condensed w i t h  t h e  o i l  was separated in a 
separa to ry  funne l .  

T h e  o i l  was f u r t h e r  f rac t i ona ted  by ex t rac t i on  u s i n g  t h e  scheme suggested b y  
F r u c h t e r  e t  a l .  (3) modi f ied by t h e  use o f  !-pentane r a t h e r  t h a n  iso-octane. A 
f lowsheet  o f  t h e  method w i t h  t h e  pe rcen t  r e c o v e r y  o f  each f r a c t i o n  i s  g i v e n  in 
F i g u r e  1. T h e  number  o f  components determined b y  cap i l l a ry  GC u s i n g  a 50-meter 
OV-101 g lass column (Tab le  2) ind icates t h a t  t h e  to ta l  detectable number  o f  
components i s  less t h a n  277 s ince t h e r e  i s  some ove r lap  between f rac t i ons .  T h e r e  
a r e  less t h a n  85 components above 1% in t h i s  l i gn i te  convers ion  p r o d u c t .  

Separations o f  t h e  f o u r  f rac t i ons  u s i n g  reve rse  phase HPLC w i t h  a MeOH-H 0 
g r a d i e n t  ( A l t e x  Model 420) p r o d u c e d  major component separat ions.  T h e  light &I 
was f ract ionated u s i n g  t h e  scheme o f  Dooley e t  a l .  (4), y i e l d i n g  f r a c t i o n s  i nc lud ing  
weak acids, phenol ics ,  basics, hyd roca rbons  and  heteroaromat ics.  Grad ien t  HPLC 
separat ion o f  t h e  weak ac ids gave  approx imate ly  40 peaks; t h e  phenol ics ,  45 peaks; 
a n d  t h e  basics, 36 peaks.  T h e  hyd roca rbon  f r a c t i o n  was reso lved  i n t o  30 
compounds. T h i s  separat ion was developed f o r  use as an  analy t ica l  scale separat ion 
techn ique  w i t h  automatic f r a c t i o n  co l lect ion.  

Analyses 

Elemental and  water  analyses o f  t h e  o i l  a n d  t h e  f o u r  f r a c t i o n s  were c a r r i e d  o u t  
b y  combustion (C,H,N,S), K a r l  F ischer  t i t r a t i o n  ( H  0), and  n e u t r o n  ac t i va t i on  and 2 
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coulometry  (0) (Tab le  3) .  T h e  f r a c t i o n s  were d r i e d  o v e r  a n h y d r o u s  magnesium 
su l fa te  be fo re  analys is .  

Spec t roscopy  

IR spect roscopic  analyses were  c a r r i e d  o u t  o n  thin f i lms o f  t h e  o i ls  between 
NaC! d i s k s  u s i n g  a Perk in-Elmer 283* IR spect rometer .  

( 

U V  stud ies were conduc ted  u s i n g  a p p r o p r i a t e  d i l u t i o n s  o f  t h e  light oi l  and  i t s  
f r a c t i o n s  in CH C12. T h e  Perk in -E lmer  H i tach i  model 340 w i t h  Data Handler  was 
used  e i the r  in &e absorbance mode o r  programmed f o r  t h e  f o u r t h  d e r i v a t i v e  mode. 

T h e  solut ions 
were  d i l u t e d  1 : 8  w i t h  CDCl  con ta in ing  1% o f  TMS. T h e y  were  pu lsed  25 times at 
flip angles o f  45' o r  90'. 

I 3 C  NMR spec t ra  were  also a c q u i r e d  w i t h  t h e  Var ian  XL-200, ope ra t i ng  a t  50 
MHz us ing3 the  b road  b a n d  p r o b e .  T h e  so lut ions were  30% oi l  in CDCl  w i t h  1% TMS 
a n d  5x10 M Cr (AcAc)3 .  . T h e  pu lse  ang le  was 60' w i t h  5000 t o  ?5,000 pulses 
accumulated be fo re  i n teg ra t i on .  T h e  r e s u l t s  a r e  p resen ted  in Tab le  5.  

T r i f l uo roace t i c  A c i d  - H y d r o g e n  Perox ide  Ox ida t i ons  

'H NMR spec t ra  were  t a k e n  a t  200 MHz w i t h  a Var ian  XL-200. 

-?he i n t e g r a t e d  areas a r e  shown in Tab le  4. 

A t r i f l uo roace t i c  ac id  - h y d r o g e n  p e r o x i d e  ox ida t i on  (5)  o f  t h e  light o i l  was 
c a r r i e d  ou t .  T h e  r e s u l t i n g  ac ids were  de r i va t i zed  t o  t h e  p -b romophenacy l  esters 
(6)  t o  p r o v i d e  U V  absorbance.  T h e y  were t h e n  separated by so lven t  g rad ien t  
(MeOH-H20) r e v e r s e  phase HPLC a n d  iden t i f i ed  by comparison w i t h  t h e  same 
sequence c a r r i e d  o u t  w i t h  s tandards .  

Resul ts  and Discuss ion 

Bas ic  F rac t i on  

T h e  bas ic  f act ion,  5% o f  t h e  to ta l ,  i s  d a r k  in color, w i t h  heterocyc l ic  
cha rac te r .  T h e  H NMR has  severa l  resonance l ines between 8 . 2  and  8.6 ppm as 
well  as a l a r g e  area between 6 . 5  and  7.8 ppm ind i ca t i ng  p y r i d i n e s .  Some prominent  
l ines between 2 and  3 ppm sugges t  m e t h y l  subs t i t uen ts .  T h e  IR conta ins a l l  o f  t h e  
p y r i d i n e  - qu ino l i ne  s t r e t c h i n g  f requenc ies  a n d  also i n d i l a t e s  r i n g  subs t i t u t i on .  As 
was expected,  a v#-y b r o a d  b a n d  appears in t h e  NH, N - H  s t r e t c h i n g  reg ion .  The 
r i c h l y  populated C NMR spec t rum of t h i s  f rac t i on ,  however ,  shows a complex 
m i x t u r e  o f  ca rbon  t y p e s  f rom $9 p p m  t o  160 ppm. Pyro l les,  if present ,  are 
p r o b a b l y  s u b s t i t u t e d  s ince n o  C peak  i s  seen a t  106-108 ppm. Indoles a re  
poss ib le .  

i- 

Phenolic F rac t i on  

T h e  phenol ic  f rac t i on ,  25%, appears t o  b e  ma in l y  phenols  w i t h  cresols  and 
o t h e r  subs t i t u ted  phenols  p r e s e n t  in wide v a r i e t y .  Naphthols ,  if p resen t ,  are a 
m ino r  component. 

T h e  IR o f  t h i s  f rac t i on ,  in add i t i on  t o  a b r o a d  OH s t r e t c h i n g  v i b r a t i o n ,  has a 
p rominen t  C - H  s t r e t c h i n g  v i b r a t i o n .  T h e  o t h e r  cha rac te r i s t i c  bands  o f  phenol  a re  
al l  p resen t .  

T h e  U V  ( F i g u r e  2) shows a maximum near  275 nm t h a t  i s  t h e  abso rp t i on  d u e  t o  
phenols .  T h e  f o u r t h  d e r i v a t i v e  U V  ( F i g u r e  3) i s  well  de f i ned  giving a cha rac te r -  
i s t i c  p a t t e r n  w i t h  a peak co r respond ing  t o  t h e  absorbance a t  275 nm a f te r  
wave leng th  co r rec t i on .  
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Heteroaromatic F rac t i on  

1 
T h e  H NMR o f  t h e  heteroaromat ic  f rac t i on ,  22%, ( F i g u r e  4b) i s  dominated b y  

symm@-ical mu l t i p le t s  a t  7 .8  a n d  7 .5  p p m  wh ich  a r e  cha rac te r i s t i c  o f  naphthalene.  
T h e  C NMR ( F i g u r e  6a) shows t w o  peaks o f  s imi lar  area a t  127.8 a n d  125.7 ppm 
w i t h  a peak a t  133.4, ag ree ing  well  w i t h  t h e  assumpt ion t h a t  u n s u b s t i t u t e d  
naphthalene i s  p resen t .  T h e  IR s u p p o r t s  t h i s  assumpt ion also in t h a t  t h e  spect rum 
c losely  resembles t h a t  o f  naphthalene and  t h e  methy lnaphthalenes w i t h  al l  of t h e  
f requencies rep resen ted .  T h e  weak N-H f r e q u e n c y  in t h e  IR a long w i t h  the 
n i t r o g e n  p resen t  in the, elemen analyses ind icates t h a t  carbazoles may be  p resen t  
in t h i s  f rac t i on .  T h e  H and  'C NMR, U V  ( F i g u r e s  2,3) a n d  IR also sugges t  the 
presence o f  phenanthrenes.  

A l l  of t h e  s u l f u r - c o n t a i n i n g  compounds a r e  p r e s e n t  in t h i s  f r a c t i o n  (Tab le  3). 
Aromat ic  e thers a r e  also ind icated;  however ,  n o  ev idence o f  a l i pha t i c  e t h e r s  is 
seen. 

Hydroca rbon  Fract ions 

T h e  hyd roca rbon  f r a c t i o n  i s  almost one-hal f  o f  t h e  light o i l  by we igh t .  I t  is  
a p p a r e n t l y  a m i x t u r e  o f  a l iphat ic  molecules w i t h  some aromatic cha rac te r ,  p robab ly  
benzenoid subs t i t u t i on .  T h e  mater ia l  i s  light in co lor ,  does n o t  have  an  unpleasant  
odo r ,  a n d  is  low bo i l i ng .  T h e  IR o f  t h e  h y d r o c a r b o n  f r a c t i o n  i s  v e r y  simple, 
dominated b y  t h e  C-H  a l iphat ic  s t rT tch ing  frequen-c,ies a n d  t h e  CH a n d  CH2 
b e n d i n g  v ib ra t i ons  a t  1465-1450 cm and  1380 cm . T h e  major Ck, r o c k i n g  
v i b r a t i o n  appears a t  !15 cm , (CH2)2. T h e  aromat ic  C-C  s t r e t c h i n g  I S  weakly  
rep resen ted  a t  1495 cm . 

H a n d  I 3 C  NMR ( F i g u r e  6b )  spec t ra  a r e  t h e  s implest  spec t ra  seen f o r  
a n y  of t h e  f o u r  f rac t i ons .  T h e  aromatic p ro tons  a r e  15% o f  t h e  to ta l  number  o f  
p ro tons  w i t h  t h e  measured C 

1 T h e  

/Ctotal = 0.33 (Tables 4 and  5) .  a r  

Unseparated L i g h t  Oi l  28-14 

T h e  f o u r t h  d e r i v a t i v e  U V  was used  t o  compare t h e  o i l  w i t h  i t s  separated 
f rac t i ons .  T h e  t w o  main UV-absorb ing  f rac t i ons ,  t h e  phenol ic  and  heteroaromatic 
f rac t i ons  (F igu re  2), show charac te r i s t i c  f o u r t h  d e r i v a t i v e  f i n g e r p r i n t s  ( F i g u r e  3 ) .  
T h i s  cha rac te r i s t i c  f i n e  s t r u c t u r e  o f  t h e  f o u r t h  d e r i v a t i v e  U V  i s  eas i ly  seen in t h e  
p a t t e r n  f o r  t h e  complete light oi l  LO 28-14. T h e  abso rp t i on  near  275 nm i s  t h e  
main phenol ic  b a n d  wh ich  increases in concer t  w i t h  t h e  increase in phenol ic  con ten t  
as l ine-out  is  approached.  Since t h e  f o u r t h  d e r i v a t i v e  fo l lows Beer ' s  Law, t h e  
changes seen as t h e  process proceeds may be  q u a n t i t a t i v e l y  measured.  

IR s tud ies o f  t h e  CH s t r e t c h i n g  reg ion  in t h e  o i l  i t se l f  a long w i t h  'H NMR a re  
also v e r y  usefu l  f o r  mon i to r i ng  t h e  approach t o  l i ne -ou t .  T h e  asymptot ic  approach 
o f  t h e  IR ra t i o  t o  a cons tan t  va lue  as a f u n c t i o n  o f  recyc le  passes ind icates t h a t  a 
l i ned -ou t  p r o d u c t  was obta ined (2) .  

T r i f l uo race t i c  ac id  - h y d r o g e n  pe rox ide  ox ida t i on  o f  t h e  l i g h t  o i l  was c a r r i e d  
o u t .  Reverse phase so l ven t  g r a d i e n t  HPLC was used  t o  qua l i t a t i ve l y  separate t h e  
e-bromophenacyl  es te rs  o f  t h e  ac ids formed d u r i n g  t h e  ox ida t i on .  T h e  fo l lowing 
d iac ids  were i n f e r r e d  f rom comparison w i t h  s tandards :  ZC, 3C, 4C, 5C a n d  IOC. 
Also seen were acetic, butanoic ,  pentanoic ,  cyc lohexenecarboxy l i c  and  cyc lo-  
hexy lace t i c  acids. 

Summary 

T h e  l i g h t  o i l  28-14 was separated i n t o  f o u r  f r a c t i o n s .  T h e  bas ic  f rac t i on  was 
he te rocyc l i c  in n a t u r e  con ta in ing  most o f  t h e  n i t r o g e n  compounds f rom t h e  o i l .  T h e  
phenol ic  f rac t i on  was shown to b e  most ly  phenols  w i t h  naph tho ls  o n l y  a minor  const i -  
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t u e n t .  T h e  phenol ic  f r a c t i o n  i s  abou t  25% o f  t h e  to ta l  we igh t  o f  o i l .  T h e  hetero-  
aromatic f ract ion,  22%, conta ins few  components w i t h  more t h a n  t h r e e  r i n g s .  It is  
l a rge l y  composed o f  naphthalene a n d  naphthalene de r i va t i ves ,  p r o b a b l y  some 
aromatic e thers,  n e u t r a l  o r  s l i g h t l y  ac id i c  n i t r o g e n  compounds and  a l l  o f  t h e  s u l f u r  
compounds. T h e  h y d r o c a r b o n  f r a c t i o n  i s  t h e  major f rac t i on ,  48%. I t  has  no 
func t i ona l i t y  as t h e  e lementary ana lys i s  shows n o  0, N o r  S. T h i s  f r a c t i o n  is 
a l iphat ic  in n a t u r e  w i t h  some benzenoid subs t i t uen ts .  

I 

I n  add i t i on  t o  t h e  obse rved  y i e l d  d i s t r i b u t i o n  approach ing  a cons tan t  value, 
wh ich  i s  one ind i ca t i on  o f  l ine-out ,  b y  mon i to r i ng  t h e  aromatic t o  a l iphat ic  p ro ton  
r a t i o  as a f u n c t i o n  o f  recyc le  pass number  w i t h  IR o r  NMR spec t romet ry ,  the 
approach t o  cons tan t  composit ion can  b e  determined.  
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TABLE 1. - Analyses of Coal for 
Beulah 3 ,  North Dakota, Lignite 

Coal Analysis (GF-79-2147) 
Basis of reported analysis: Moisture- and 

As-received Moisture-free ash-f ree 

Proximate analysis, pct.: 
Moisture .................... 29.48 
Volatile matter ............. 30.21 
Fixed carbon ................ 29.58 

-- 
42.84 
41.94 

-- 
50.53 
49.47 -- Ash ......................... 10.73 15.22 

TOTAL ..................... 100.00 100.00 100.00 

Ultimate analysis, pct.: 
Hydrogen .................... 6.20 
Carbon ...................... 42.87 
Nitrogen .................... 0.48 
Oxygen ...................... 37.91 
Sulfur ...................... 1.81 

4.15 
60.79 

0.68 
16.59 
2.57 

4.89 
71.71 

0.80 
19.57 

3 .03  -- Ash ......................... 10.73 15.22 
TOTAL ..................... 100.00 100.00 100.00 

$c An "atypical" Beulah Lignite chosen specifically for its high ash content. 

TABLE 2.  - Capillary G . C .  analysis of LO 28-14 fractions 

Fraction B Components 

- > 1% 0.5-1.0% 0.25-0.5% Total 
Basic 12 7 21 48 
Phenolic 26 23 10 84  
Hete roaromat ic 21 18 19 124 
Hydrocarbon 26 14 20 121 
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TABLE 3.  - Elemental a n a l y s i s  of  l i g h t  o i l  28-14 
and i t s  f r a c t i o n s  based on LO a s  100% 

% C  % H  - % O  - % N  - xs - 

28-LO-14 84.34 10.69 0 .37  3.70 0.22 0.23 

-- Basic  19.94 2.64 0.09 3.35 0.01 
Phenol ic  19.77 2.49 0 .25  0.03 0.01 
Heteroaromatic  22.38 2.21 0.035 0.32 0.20 
Hydrocarbon 22.26 3.35 0.001 0.00 0.01 

-- 
-- 
-- 

TABLE 4 .  - 'H NMR a r e a s  f o r  28-LO-14 
and f r a c t i o n s ,  CDCl , ,  TMS 

J 

F r a c t i o n  % Har % H a  % Ho % Hphe 
(8.8-ppm) (4-1.9ppm) (1.9-0.3 ppm) ( v a r i e s  ) 

28-LO- 14 23.1 
Basic  f r a c t i o n  34.1 
Phenol ic  f r a c t i o n  31 .3  
Heteroaromic 

f r a c t i o n  48 .1  
Hydrocarbon 

f r a c t i o n  15.3 

23.0 
3 4 . 1  
32 .3  

29 .O  

19.0  

5 3 . 3  
31.8 
25.9 

22.5 

65.7 

-- 
( p a r t  of Har) 

10.5 

TABLE 5 .  - I n t e g r a t e d  13C a r e a s  f o r  LO 28-14 and f r a c t i o n s  

F r a c t i o n  Car /Cto ta l  Car/Cal iph 

LO 28-14 0 .45  
Basic  f r a c t i o n  0.56 
Phenol ic  f r a c t i o n  0.66 
Heteroaromatic  f r a c t i o n  0.81 
Hydrocarbon 0 .33  

0.83 
1.30 
1 .93  
4.24 
0.49 
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LIGHT OIL 28-14 (IN PENTANE) 
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EVAP 1 PENTANE EXTR., CHzCI2 1 IN N d H  

FIGURE 1. - Separation and recovery o f  t he  l i g h t  o i l  f r ac t i on  
by ex t rac t i on  

IU CPU Light Oil UV Spectra 
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FIGURE 2. - UV Spectra o f  LO 28-14 and f rac t i ons  
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FIGURE 3. - Fourth derivative UV of light oil 28-14 and fractions 
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FIGURE 4. - 200 MHz H NMR o f  light oil 28-14, a) phenolic fraction, 

b) heteroaromatic fraction 
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FIGURE 5. - 50 MHz 13C NMR of the aliphatic and aromatic regions of 
light oil 28-14 (without NOE, Cr(AcAc)3, CDCl,), a) basic 
fraction, b) phenolic fraction - 
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FIGURE 6. 

Shift ( ppm) 

50 Mz 1 3 C  N M R ,  
proton decoupled i n  CDCl b )  a1 ipha t ic  and aromatic regions 
of the hydrocarbon fract!;n (without NOE, Cr(AcAc)3, C D C 1 3 ) ,  
o f  l i g h t  o i l  28-14 

a )  of t he  heteroaromatic f r ac t ion ,  completely 
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